T HE CARDIAC ISOFORMS OF TROponins T and I have been used to evaluate myocardial cell damage associated with unstable angina and myocardial infarction or following cardiac surgery. [1] [2] [3] [4] [5] [6] Measurements of the cardiac-specific contractile proteins troponins T and I are superior to conventional measurement of other enzymes, such as creatine kinase MB, for detecting minor myocardial injury 7, 8 and are valid predictors of adverse events in patients with acute coronary syndromes. 2, [9] [10] [11] [12] [13] [14] Investigations of the importance of cardiac troponins T and I in heart transplantation have been mainly focused on acute allograft rejection. [15] [16] [17] [18] [19] It has been proposed that rejection episodes should lead to elevated serum troponin T concentrations following myocyte necrosis. 15 However, data regarding this issue are controversial. Although some investigators have found a relationship between elevated serum troponin levels and acute allograft rejection, this has not been confirmed by others. [15] [16] [17] [18] [19] The involvement of early microvascular events in the subsequent development of transplant coronary artery disease (CAD) and allograft failure in heart transplantation has also been established. [20] [21] [22] [23] Recipients who eventually develop transplant CAD or allograft failure show a prothrombogenic microvasculature and the presence of myocardial cell damage during the early months after transplantation. 20, 22, 23 Context Previous studies have yielded conflicting data regarding whether a relationship exists between elevated cardiac troponin levels and acute allograft rejection in patients who have received heart transplants.
Objective To determine whether cardiac troponin I levels after heart transplantation were associated with a procoagulant microvasculature and long-term allograft outcome.
Design Prospective cohort study with a mean (SE) follow-up of 45.1 (2.5) months. Serum troponin I levels were measured 9.9 (0.2) times per patient during the first 12 months after heart transplantation.
Setting Heart transplant center in the United States.
Patients A total of 110 consecutive patients who received a heart transplant between 1989 and 1997 and survived at least 1 year after transplantation.
Main Outcome Measures
Histological and immunohistochemical biopsy findings, development of coronary artery disease (CAD), and graft failure in patients with vs without elevated serum cardiac troponin I levels.
Results All recipients had elevated troponin I levels during the first month after transplantation. Troponin I levels remained persistently elevated during the first 12 months in 56 patients (51%) and became undetectable in 54 patients (49%). Persistently elevated troponin I levels were associated with increasing fibrin deposits in microvasculature and cardiomyocytes (PϽ.001). Patients with persistently elevated levels of troponin I had significantly increased risk for subsequent development of CAD (odds ratio [OR], 4.3; 95% confidence interval [CI], 1.8-10.1; PϽ.001) and graft failure (OR, 3.4; 95% CI, 1.2-9.7; P = .02), and also developed more severe CAD (OR, 4.2; 95% CI, 1.9-9.3; PϽ.001) and showed more disease progression (OR, 3.7; 95% CI, 1.3-10.4; P= .009).
Conclusion
In this study, elevated cardiac troponin I levels, which are considered to be a noninvasive surrogate marker of a procoagulant microvasculature, identified a subgroup of patients with high risk for developing CAD and graft failure after cardiac transplantation. JAMA. 2000; 284:457-464 www.jama.com
This study was designed to determine whether patients with myocardial cell damage following transplantation could be identified using serum cardiac troponin I levels; to evaluate whether microvascular thrombosis and myocardial cell damage are persistent events after heart transplantation; and to examine whether the presence of persistent myocyte necrosis may be a useful prognostic indicator for long-term cardiac allograft outcome.
METHODS

Patients
We prospectively studied 110 consecutive adult cardiac allograft recipients who received a heart transplant at Methodist Hospital of Indiana between 1989 and 1997 and who were followed up for a mean (SE) of 45.1 (2.5) months after transplantation. Patients were enrolled in the study if they survived at least 1 year after their transplant, had pretransplantation and serial endomyocardial biopsy specimens obtained during the first year after transplantation for light microscopy and immunohistochemical studies, and had angiographic evaluations of coronary arteries. [20] [21] [22] Coronary angiography was performed yearly with a mean (SE) of 3.6 (0.2) angiograms per patient.
Immunosuppression therapy consisted of prednisone at an initial dose of 1 mg/kg per day with the dose tapered to 0.5 mg/kg per day during the first month, to 0.2 mg/kg per day during the first 1 to 2 months, and to 0.1 mg/kg per day during months 3 through 12 after transplantation. Patients took this dose unless they developed complications attributed to steroid use. Azathioprine was administered at a dose of 1.5 to 2.0 mg/kg per day and cyclosporine at an initial dose of 7 to 10 mg/kg per day with the dose tapered to 3 to 5 mg/kg per day to maintain a specific whole-blood level of 300 to 480 ng/mL during the first 3 months, 180 to 360 ng/mL at 3 to 6 months, 90 to 180 ng/mL at 6 to 12 months, and 75 to 120 ng/mL at more than 12 months after transplantation, depending on renal function. Grade 3 and grade 4 rejec-tion episodes 24 were treated with steroids and rabbit antithymocyte globulin or mouse monoclonal antibody OKT3 to human lymphocytes.
Ejection fractions were measured by radionuclide ventriculography. Graft failure was defined as death associated with cardiac allograft dysfunction or need for a second transplant.
A control biopsy from the right ventricle was obtained before transplantation from all donor hearts. Endomyocardial biopsieswereobtainedbyrightheartcatheterization at 7 to 10 days, every 2 weeks during the first 2 months, and at 3, 4.5, 6, 9, and 12 months after transplantation. Cellular infiltrates were graded according to guidelines from the International Society for Heart Transplantation. 24 Cytomegalovirus infection was defined as previously described. 21, 22, 25 
Evaluation of Cardiac Troponin I
Blood samples were drawn into tubes without preservatives and centrifuged at 3000 g for 15 minutes. Serum troponin I levels were measured after transplantation and collected at 7 to 10 days, every 2 weeks during the first 2 months, and at 3, 4.5, 6, 9, and 12 months, and were stored at −75°C, thawed once, and assayed in batches.
Cardiac troponin I has been shown to be stable following this procedure. 26 Cardiac troponin I determinations were performed by technicians who were blinded to the immunohistochemical, clinical, and angiographic data. Serum cardiac troponin I levels were measured with the OPUS immunoassay system (OPUS Plus Analyzer, Dade Behring, Newark, Del), which uses 2 goat polyclonal antibodies directed against different protein segments unique to the human cardiac isoform of troponin I. 27 The immunoassay shows no detectable cross-reactivity with human skeletal-muscle troponin I and measures cardiac troponin I in serum up to 150 ng/mL. Because cardiac troponin I is undetectable in healthy volunteers, 4, 14, 28 any level more than 0.5 ng/mL, which is the minimal concentration detectable by the assay, was considered abnormal.
Repeated analyses were performed on 104 individual samples, both within run (during the same day) and between run (on multiple days), to assess reliability of the technique. Using components of variance, reliability was calculated as the between-sample variability divided by the total variability (between sample and within sample). Within-run reliability was 98.6% (98.8% for log-transformed values), and between-run reliability was 94.3% (97.0% for log-transformed values).
Criteria for Diagnosis of CAD
CAD was diagnosed based on evidence of any decrease in luminal diameter, whether in the left main coronary artery or in the primary or branch vessels, as previously described. 29 CAD was classified as mild if there was a 50% or smaller lesion in the left main coronary artery, a maximum lesion of 70% or smaller in primary vessels, and an isolated single branch stenosis larger than 70%, or any branch stenosis smaller than 70% (including diffuse narrowing or "pruning" of distal vessels). CAD was considered moderate if there was a lesion of 50% to 70% in the left main coronary artery, 1 primary vessel larger than 70%, and isolated branch stenosis larger than 70% in branches of 2 systems. CAD was considered severe if there was a lesion larger than 70% in the left main coronary artery, 2 or more primary vessels larger than 70%, and isolated branch stenosis larger than 70% in all 3 systems. The class of disease (mild, moderate, severe) was determined by the most severe CAD reported to be present in each coronary angiogram. 29 Annual arteriograms were compared with identical projections in serial studies and evaluated by side-byside comparisons. The presence, severity, and progression of disease were determined by a consensus of 2 experienced angiographers who were blinded to both the results of the serological studies for troponin I and immunohistochemical studies for fibrin. Progression of disease was evaluated comparing serial angiograms side-byside with the baseline angiogram obtained the first year following transplantation. To reduce the possibility of donor-transmitted CAD, recipients having a normal angiogram during the first year after transplantation were studied during subsequent follow-up, and the first annual angiogram was considered to be the baseline angiogram.
Immunohistochemistry
Biopsies were embedded in optimum cutting temperature compound (Miles, Elkhart, Ind), snap frozen in liquid nitrogen, and stored at −20°C. Cryostat sections (4 µm) were air dried overnight without chemical fixation and reacted with monoclonal antibody 350 to fibrin (American Diagnostica, Greenwich, Conn). Antibody and control experiments were performed as described. [20] [21] [22] The precise vascular localization of fibrin reactivity was performed using double and triple antibody experiments as described. [20] [21] [22] Myocardial fibrin was evaluated semiquantitatively (scores 1-4) by 2 investigators unaware of the clinical or serological data as follows: score of 1 for no fibrin, score of 2 for fibrin in microvessels, score of 3 for fibrin in microvessels and around cardiomyocytes, and score of 4 for fibrin in microvessels and within cardiomyocytes.
Statistical Methods
All statistical tests used troponin I as a continuous variable (using base 10 logarithms) and excluded troponin I levels obtained during the first month after transplantation. The relationship between fibrin in serial biopsies and serial troponin I level measures was assessed with repeated measures analysis of variance. Subsequent analyses used each patient's mean log troponin I level calculated from data obtained after the first month after transplantation. Spearman correlations were used to assess the relationship of clinical and demographic variables with troponin I.
The relationship between the average troponin I level and subsequent outcome was assessed with Cox proportional hazards and logistic regression.
The assumption of proportionality was tested for Cox models and Hosmer-Lemeshow goodness-of-fit tests were used to validate logistic regression. To illustrate trends, we classified patients as having at least 1 detectable troponin I level during months 1 to 12 after transplantation or not having any detectable troponin I level after the first month following transplantation. These groups were compared with Kaplan-Meier estimates of CAD and graft failure. The same tests were subsequently 
RESULTS
A total of 110 consecutive cardiac allograft recipients had serial determinations of serum troponin I levels that were measured a mean (SE) of 9.9 (0.2) times per patient during the first 12 months after heart transplantation. Although all recipients had high concentrations of serum cardiac troponin I during the first month after transplantation, 1 group of patients showed undetectable levels after the first month of transplantation and continued to have undetectable levels during the subsequent 11 months after transplantation. Another group of recipients with initially higher troponin I levels during the first month after transplantation continued to have persistently detectable levels during the subsequent 11 months. Troponin I levels remained persistently elevated during the first 12 months in 56 patients (51%) and became undetectable in 54 patients (49%) (FIGURE 1) . Even during the first month after transplantation, the group that eventually stabilized to undetectable levels also had significantly lower troponin I levels than the group that maintained detectable levels (P=.003). No demographic or other clinical/laboratory variables were correlated with troponin I levels during the first year after transplantation and no relationship was found between elevated troponin I levels and the presence of cellular infiltrates within the biopsy specimens (TABLE 1) .
The presence of myocardial fibrin was scored as shown in FIGURE 2. Increasing deposits of myocardial fibrin were associated with an increased proportion of serum samples with detectable troponin I levels of more than 0.5 ng/mL (FIGURE 3) . Increasing amounts of myocardial fibrin were associated with increasing concentrations of serum cardiac troponin I (Figure 3) . The presence of fibrin within the cardiomyocytes was consistently associated with the presence of coagulative myocyte necrosis (FIGURE 4 ), suggesting that fibrin in cardiomyocytes represents evidence of myocardial cell damage. When the deposition of myocardial fibrin was evaluated in serial biopsies of both study groups, significantly more myocardial fibrin (PϽ.001) was persistently found in the group with sustained detectable troponin I levels compared with the group showing undetectable levels following the first month after transplantation (FIGURE 5) . This difference appeared immediately after transplantation and persisted throughout the first year.
Recipients who showed persistently detectable levels of serum troponin I during the first year after transplantation developed significantly more CAD and more graft failure than recipients with persistently undetectable levels following the first month of transplantation (TABLE 2) . Kaplan-Meier estimates (FIGURE 6) indicated that CAD and graft failure rates at 5 years after transplantation among recipients with persistently detectable troponin I levels during the first year after transplantation were significantly higher (79.3% and 35.5%, respectively) when compared with recipients with persistently undetectable troponin I levels following the first month after transplantation (35.7% and 11.6%, respectively). Recipients with persistently high levels of serum cardiac troponin I during the first year after transplantation developed more severe CAD, showed more disease progression, developed the disease earlier, and developed graft failure earlier than recipients with persistently undetectable troponin I levels after the first month following transplantation ( Table 2) .
Recipients with persistently detectable troponin I levels during the first year after transplantation were at significantly greater risks of CAD (hazard ratio [HR], 3.4; 95% confidence interval [CI], 1.9-6.2; PϽ.001) and graft failure (HR, 3.1; 95% CI, 1.2-7.9; P = .02) than recipients with persistently undetectable serum cardiac troponin I levels after the first month following transplantation.
To reduce the possibility of donortransmitted disease, we evaluated allograft recipients who had a normal angiogram the first year after transplantation (n=91) and followed up this subgroup of patients during a period of 34.7 (2.9) months after their first angiogram. Allograft recipients who showed persistently detectable levels of serum troponin I during the first year after transplantation (n=41) developed significantly more CAD (odds ratio [OR], 3.9; 95% CI, 1.4-10.6; P=.008) and more severe disease (OR, 3.7; 95% CI, 1.4-9.5; P=.007) than allograft recipients with persistently undetectable troponin I levels following the first month after transplantation (n=50).
COMMENT
Microvascular thrombus formation often occurs in conjunction with myocardial cell damage in cardiac transplantation and is identified during the peritransplant period. 22 A significant proportion of allografts show the presence of fibrin within the microvasculature and myocardial cells, indicating myocardial cell damage. 22 It is therefore important to identify whether recipients with those myocardial changes show elevated levels of serum markers of cardiac necrosis, whether these changes persist during the period after trans-plantation, and whether the presence of sustained myocardial necrosis per se is a risk factor for subsequent transplant CAD or cardiac graft failure. Our study indicates that the detection of the highly specific marker cardiac troponin I in blood is an independent risk factor that noninvasively identifies patients who have immunohistochemical evidence of myocardial cell damage and who are at increased risk of developing CAD or graft failure.
Elevated troponin T or I levels are typical in the immediate period after transplantation, 18, [30] [31] [32] suggesting that early postoperative elevation of troponin levels is related to perioperative cardiac injury. Several factors could be associated with early myocardial injury. Although the possibility of preformed antiendothelial antibodies exists, it is difficult to assume that all recipients have preformed antibodies to the donor hearts because all recipients had elevated troponin I levels during the immediate period after transplantation. Another possibility is that myocardial cell damage is caused by acute cellular rejection. However, we did not find any association between the presence of cellular rejection episodes and increased serum troponin I. Indeed, recipients with increased serum cardiac troponin I levels did not have more episodes of rejection in matching endo-myocardial biopsy specimens. The finding of elevated troponin I levels during the immediate period after transplantation in all cardiac transplant recipients suggests that the myocardial injury is perhaps secondary to an ischemic phenomenon. Perioperative ischemic myocyte injury is a common finding in heart transplant recipients during the immediate period after transplantation. 33 These lesions, characterized by the presence of coagulative myocyte necrosis and infiltration of neutrophils and macrophages, are perhaps the same lesions recently described immunohistochemically by the presence of myocardial fibrin with neutrophil and macrophage infiltration 22 and are probably the hallmark of ischemia and reperfusion. The identification of a group of allografts with continuous deposition of fibrin and persistent elevation of cardiac troponin I levels suggests that these allografts for some reason remain in a sustained prothrombogenic status. One possible cause of such prothrombogenicity within the allograft microvasculature is related to the activation of endothelium. 34 The recent finding of an association between the presence of myocardial cell damage, as evidenced by increasing concentrations of cardiac troponin T, with a prothrombogenic microvasculature and upregulation of endothelial activation markers confirms this possibility. 35 These changes in the allograft myocardium associated with the findings of elevated troponin I concentrations immediately following transplantation could be related to ischemia and reperfusion. It has been shown that tissue hypoxia can enhance induction of endothelial activation markers such as intercellular adhesion molecule 1 in human endothelial cells, and this can be inhibited by using antibodies to intercellular adhesion molecule 1 or antisense oligodeoxynucleotides. 36 Ischemia and reperfusion increase both endothelial cell surface and soluble adhesion molecules, and blocking expression of those molecules significantly improves allograft outcome. 34 An important component of the activation of endothelial cells is the upregulation of tissue factor, 37 which promotes thrombogenicity. A prothrombogenic microvasculature facilitates the continuous deposition of fibrin, which is characteristic of a group of allografts in the present study. Persistent thrombus formation could explain recurrent myocardial cell damage with concomitant elevation of cardiac troponins. The prothrombogenicity within the allograft microvasculature sustains the cycle, promoting further endothelial activation and deposition of fibrin.
Two recent studies 38, 39 demonstrated that the use of glycoprotein IIb/ IIIa-receptor antagonists in troponin Iand troponin T-positive patients with acute coronary syndromes significantly improves outcome. These data suggest that a single treatment or periodic brief treatments with glycoprotein IIb/IIIa-receptor inhibitors may be a possible approach to breaking this cycle in heart transplant patients. It has also recently been demonstrated that the presence of microvascular fibrin is associated with depletion of vascular tissue plasminogen activator and the presence of tissue plasminogen activator complexed to plasminogen activator inhibitor 1, 20, 23 suggesting that tissue plasminogen activator is not more functional. It has been recently suggested that allografts with a particular genotype for plasminogen activator inhibitor 1 could favor a persistent depletion of vascular tissue plasminogen activator and subsequent increased risk of vascular disease in cardiac allografts. 40 The association of elevated cardiac troponin I in allografts with increased risk of developing transplant CAD or graft failure is of particular relevance. First, serum cardiac troponin I levels could be used as a predictor of subsequent outcomes in cardiac transplantation. The identification of noninvasive (and nonimmunologic) predictors of transplant CAD and graft failure is essential since the use of a noninvasive technique is less costly and less inconvenient for the patient and involves significantly less risk. Second, the relationship between microvascular perturbations and myocardial cell damage with arterial epicardial disease supports a panvascular compromise in the allografts. The involvement of arteries, arterioles, capillaries, and veins in transplant CAD has been demonstrated by several investigators [20] [21] [22] [23] 34, 35, 41, 42 and suggests that changes that occur in large vessels are concomitantly occurring in the small microvessels. Third, all these changes promote vascular occlusion with ischemia and myocardial cell damage, which if not corrected, ultimately will end in cardiac graft failure.
The potential limitations of this study need to be considered. First, basal determinations for donors' cardiac troponin I levels were not available to evaluate the presence of myocardial damage in donor hearts before transplantation. However, the absence of myocardial fibrin detected immunohistochemically in endomyocardial biopsies obtained before transplantation suggests there is probably no significant myocardial cell death in donor hearts before transplantation. Second, because samples were stored at −75°C for up to 10 years, we cannot exclude the possibility of protein degradation. However, we found no negative correlation between specimen age and the presence of serum samples with elevated troponin I levels. Third, the unavailability of a continuous evaluation of the status of the coronary arteries since the time of transplantation precludes precise determination of the time course for the association between cardiac troponin I levels and development of CAD. However, the finding of high cardiac troponin I levels 7 to 10 days after transplantation in all re-cipients who subsequently developed transplant CAD suggests that elevated cardiac troponin I levels precede the development of the disease. Fourth, the use of coronary angiography and the lack of intracoronary ultrasonographic studies could be another limiting factor. However, although intravascular ultrasonography is more sensitive for detecting CAD in epicardial arteries, 43, 44 this technique lacks accessibility to more peripheral arteries, which can be assessed using coronary angiography. 22, 45 Irrespective of the technique used to evaluate the status of the coronary arteries, the measurement error using each particular technique would be similar in all recipients.
In summary, our findings suggest that serum cardiac troponin I levels can be used as a surrogate marker to identify heart transplant recipients at risk of developing CAD or graft failure but not to identify the presence of cellular rejection. A strong association between immunohistochemical evidence of thrombus formation and myocardial cell damage within the allografts with the presence of elevated serum cardiac troponin I levels and subsequent outcome indicates that the status of the microvasculature is essential for the survival of the allografts. The presence of elevated cardiac troponin I levels immediately after transplantation in cardiac transplant recipients suggests the need for intervention before transplantation to protect the microvasculature within the donor hearts, perhaps by improving the preservation of the donor organs or preparing the recipient in advance to prevent damage during the reperfusion period. 
